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Alboran SeaA physical-biological coupled model was used to estimate the effect of the physical processes at the Strait of
Gibraltar over the biogeochemical features of the Atlantic Inflow (AI) towards the Mediterranean Sea. This
work was focused on the seasonal variation of the biogeochemical patterns in the AI and the role of the Strait;
including primary production and phytoplankton features. As the physical model is 1D (horizontal) and two-
layer, different integration methods for the primary production in the Biogeochemical Fluxes Model (BFM)
have been evaluated. An approach based on the integration of a production-irradiance function was the chosen
method. Using this Plankton Functional Type model (BFM), a simplified phytoplankton seasonal cycle in the AI
was simulated. Main results included a principal bloom in spring dominated by nanoflagellates, whereas mini-
mum biomass (mostly picophytoplankton) was simulated during summer. Physical processes occurring in the
Strait could trigger primary production and raise phytoplankton biomass (during spring and autumn), mainly
due to two combined effects. First, in the Strait a strong interfacial mixing (causing nutrient supply to the
upper layer) is produced, and, second, a shoaling of the surface Atlantic layer occurs eastward. Our results
show that these phenomena caused an integrated production of 105 g C m−2 year−1 in the eastern side of the
Strait, andwould alsomodify the proportion of the different phytoplankton groups. Nanoflagellateswere favored
during spring/autumn while picophytoplankton is more abundant in summer. Finally, AI could represent a rele-
vant source of nutrients and biomass to Alboran Sea, fertilizing the upper layer of this area with 4.95 megatons
nitrate year−1 (79.83 gigamol year−1) and 0.44 megatons C year−1. A main advantage of this coupled model is
the capability of solving relevant high-resolution processes as the tidal forcing without expensive computing re-
quirements, allowing to assess the effect of these phenomena on the biogeochemical patterns at longer time scales.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The Strait of Gibraltar is the only connection between the
Mediterranean Sea and the Atlantic Ocean. The water exchange be-
tween these two basins occurs following a two-layer, inverse-estuarine
circulation scheme, with a mixture of Surface Atlantic Water (SAW)
and North Atlantic Central Water (NACW) entering the Mediterranean
Sea at surface and denser deepMediterraneanwater outflowing towards
the Atlantic (MOW). The intense hydrodynamics of the Strait can be con-
sidered themost important forcing agent explaining the distribution andAmbientales, Avda, República
56016024, +49 431 600 4411;
omero@geomar.de
nography, Düsternbrooker Wegbehavior of biogeochemical variables in the Atlantic Jet (AJ) (e.g. Macías
et al., 2007). The hydrological processes in the Strait, as in other coastal
regions, cover awide range of temporal scales including interannual, sea-
sonal, sub-inertial and tidal (Lacombe and Richez, 1982). Thus, biological
features in the Strait, heavily dependent on the physical processes,
should follow these temporal scales too. In spite of the wide scales asso-
ciated to the physical-biological coupling in the area, most of the studies
have been focused on the tidal scale and particularly on internal waves
generation and effects; e.g. biogeochemical effects of the undulatory pro-
cesses currents have been widely studied (e.g. Macías et al., 2006;
Vázquez et al., 2009). These relevant undulatory processes are forced
by the interactions of sharp topography (Camarinal Sill) with tidal cur-
rents (e.g. Bruno et al., 2002).
The Atlantic Inflow (AI) through the Strait consists mainly of open
ocean waters coming from the Gulf of Cádiz (Criado-Aldeanueva et al.,
2006) with oligotrophic features (Macías et al., 2008; Navarro et al.,
2006; Ramírez-Romero et al., 2012). Previous works showed that the
pelagic ecosystem in the Gulf of Cadiz and near the open Atlantic
349E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361presents an annual cycle (Longhurst, 1995; Navarro and Ruiz, 2006;
Navarro et al., 2012; Teira et al., 2005). The original seasonal cycle of bio-
logical features in the AI could, however, suffer important changes cross-
ing the Strait. This modification is especially obvious during spring tides
and includes interfacial mixing associated to internal waves or intrusions
of high chlorophyll patches (Macías et al., 2006; Ramírez-Romero et al.,
2012; Vázquez et al., 2009).
Assessment of phytoplanktonproductivity in the ocean is a key goal of
Biological Oceanography, as assimilation of Carbon by marine phyto-
plankton via primary production is the basis of the ocean's food web
and of the biological carbon pump. Hence, the determination of primary
production rates is a relevant aim; however the complexity of the interac-
tions of hydrodynamicswith primary producers in the Strait constitutes a
limitation but also an extra-motivation in this field laboratory. Classical
incubation methods as oxygen evolution or C14 uptake (Macías et al.,
2009) have already been used to estimate primary production in this
area. Fluorescence-based measurements of photosynthesis have also
been used in the area (Fast Repetition Rate Fluorometry, FRRF) (Bartual
et al., 2011). Recent works have shown that biological probes (as FRRF)
canbe auseful tool to obtainhigh spatial and temporal resolutionprimary
production estimations, particularly in highly dynamic systems (Bartual
et al., 2011). Nevertheless, the non-synoptic and scattered nature of the
sampling process implies limited spatial and temporal estimations of pri-
mary production, especially at larger scales as seasonal or interannual.
Coupled physical-biological models can cover these larger scales, in-
cluding long-time processes and regional (e.g. Franks and Chen, 2001;
Lazzari et al., 2012) or global scale simulations (Vichi et al., 2007a). In ad-
dition, due to its high spatio-temporal resolution, coupled models could
cover a wide range of processes, as very local or short-scale could be
simulated too. Nevertheless in the Strait, most of the modeling efforts
focused on hydrodynamic processes (e.g. Izquierdo et al., 2001;
Sánchez-Garrido et al., 2011; Sannino et al., 2007). Some studies includ-
ed coupled physical-biological models (Macías et al., 2007; Skliris and
Beckers, 2009). However, nitrogen-based, single compartments models,
as used in previous works, did not provide direct estimations of C-based
primary production nor of plankton's structure. In order to fulfill these
aims, in the present work the Biogeochemical Flux Model (BFM) was
used. This model distinguishes three different functional groups of phy-
toplankton (diatoms, nanoflagellates and picophytoplankton; see details
in Vichi et al., 2007b). Furthermore, this model can simulate separately
the dynamics for the C, N, P, Si and chlorophyll content; reproducing in
a coarse way the physiological features of the different phytoplankton
species. Therefore, BFM allows to infer the effect of the physical forcing
on the different components of the model both under the taxonomic-
biological and biogeochemical point of view.
The main purpose of this work was the development of a coupled
model focusing in local phenomena at the central channel of the Strait
of Gibraltar. As explained above, this is a very particular and extreme
ecosystem forced by tidal dynamics. A proper inclusion of these local
phenomena is needed to simulate correctly the processes in the Medi-
terranean basin (Malanotte-Rizzoli et al., 2013; Oguz et al., 2013;
Sannino et al., 2009). To fulfill this aim, we propose a phytoplankton
seasonal cycle, which could be used as an input or boundary condition
for coupled models of the Mediterranean Basin. Our first aim was to
simulate primary production and phytoplankton's biomass and struc-
ture in the incoming Atlantic waters (open ocean waters of the Gulf of
Cadiz andnearby areas). Afterwardswe assessed the effect of thehydro-
logical processes (tidal forcing) at the Strait and their modulation of the
biological features of the AI.
2. Methodology
2.1. Hydrodynamical model
The hydrodynamical component of the physical-biological coupled
model was a 1‐D two-layer shallow water model for channels withirregular geometry, in both width and depth. In this model sea-water
density was uniform and prescribed in each layer. The first layer repre-
sented the surface Atlantic water entering the Alboran Sea, where bio-
logical processes take place. The second layer represented the denser
Mediterranean water flowing deeper. A simple scheme of the model
geometry is presented in Fig. 1, where A1 and A2 were the upper and
lower layer wet area (depending on the position along the Strait axis
and time)(Fig. 1a). h1 and h2 were the upper and lower layer thickness,
respectively (Fig. 1b). A completemodel description, including governing
equations andparameter values used can be found in Castro et al. (2004a,
b, 2009) and Bruno et al. (2010).
Model equations were discretized using a second order extension of
the finite volume scheme presented in Castro et al. (2004a) bymeans of
a flux limiter function as described in Toro (1989).
The biological model was a subset of the BFM (Vichi et al., 2007b)
formulated in conservative form. The temporal changes in the concen-
tration of the constituents were given by the general equation:
∂ A1 Cð Þ
∂t þ
∂ u1 A1 Cð Þ
∂x ¼ Biological terms; ð1Þ
where C was the concentration of a biogeochemical variable and u1 was
the upper layer averaged velocity.
2.1.1. Interfacial mixing between layers
Besides advection, interfacial mixing in the Strait of Gibraltar is a
crucial phenomenon for understanding the biogeochemical patterns in
this area (e.g. Macías et al., 2007). The value of the stability Froude
number was used to determine interfacial mixing in order to avoid
complex parameterizations strongly dependent on poorly constrained
coefficients:
FI
2 ¼ u1−u2ð Þ
2
g h1 þ h2ð Þ
; ð2Þ
In this expression, u1 andu2were the upper and lower layer averaged
velocities, respectively. g´ = g (1 ‐ r) was the reduced gravity with r ¼
ρ1
ρ2
¼ 10271029 ¼ 0:99805 the ratio of densities, and g gravity.
When FI2 N 1, Kelvin-Helmholtz instabilities appear. In this situation,
interfacial mixing has an important role (Cushman-Roisin, 1994). Then
in amore complete form, biologicalflux equationswere finally computed
as:
∂ A1 Cð Þ
∂t þ
∂ u1 A1 Cð Þ
∂x ¼ Biological terms þ Cm; ð3Þ
where Cm was the mixing term, parameterized as:
Cm ¼ kmix  Cref−C
 
; ð4Þ
kmix ¼ α  F2I  A1=h1; ð5Þ
where kmix was a function of the mixing between layers that parameter-
ized as a function of the Froude stability number. Cref was the constant
concentration in the deep Mediterranean layer and C was the computed
concentration of a variable for the upperAtlantic layer.αwas a coefficient
found calibrating this termwith in situ data as explained below (here
α = 0.002). Therefore using this parameterization, mixing is propor-
tional to FI2. Eq. (4) was valid for the physical variables (salinity, tem-
perature) and biogeochemical variables with non-null concentration
in the deep layer (Mediterranean layer) as nutrients. For the rest of
the variables, mixing term was computed as: Cm = − kmix * C. The
values for the variables in deeper layer have been collected in Table 1.
Fig. 1. Scheme and geometry of the model, showing the notations for a cross-section (A) and longitudinal section (B).
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The discretization of the BFM equations was performed in a fully
coupled way with the hydrodynamical component, following the
same procedure as Fernández-Nieto and Narbona-Reina (2008). In
this method a flux limiter function was used to ensure the second
order accuracy in space and time. It is worth to notice that here we
did not use the so-called off-line mode in order to couple model compo-
nents as the hydrodynamical numerical mass flow of the finite volume
scheme is used in the definition of numerical flux for the biological com-
ponent finite volume discretization. The coupled model had a variable
time-step depending on CFL stability condition, approximately 5 s. The
domain was divided in 200 sections, meaning a spatial resolution of
280 m. As an advantage of this kind of model, the performance of the
simulationwas not excessively expensive e.g. for one year of simulation,
the model spent around 10 h.2.1.3. Observational data
Data were collected during a cruise carried out in September 2008
on board the research vessel B/O “Sarmiento de Gamboa”. One fixed
station (“A” in the Tarifa Narrows, Fig. 2) was sampled twice during a
period of approximately 24 hours. Collected data at station A (Fig. 1,
narrowest section) can be considered representative of this whole
section of the Strait, because this section has a quasi-rectangular shape
with narrow coastal platforms and steep slopes (Fig. 1).
At this fixed station “A” (Fig. 2), several hourly CTD profiles were
made using a combined CTD probe (Seabird SBE-911). Salinity was
sampled from the surface to a depth of 200 m to mark the physical
structure of the water column and the distribution of the water masses
to be used inmodel validation. The depth of the Atlantic Mediterranean
Interface (AMI) was associated with the 37.5 isohaline and the salinity
of the surface layer was estimated as the average without taking into
account the presence of NACW. Consequently, original salinity in the
Atlantic layer was considered to be 36.5. Salinity values lower than
36.5 were replaced by a constant value of 36.5.Table 1
Fixed values of the different variables in the deep layer and sources.
Variable Value (deep layer) Source
Nitrate (μM) 9.8 Macías et al. (2007)
Ammonium (μM) 1 own data
Silicate (μM) 8 own data
Phosphate (μM) 0.5 Huertas et al. (2012)
Temperature (°C) 13 Gascard and Richez (1985)
Salinity 38.4 Gascard and Richez (1985)2.2. Biological model: Integrating primary production in a layer of
variable depth
The original parameterisation used in the BFM considers that
biological variables and rates are homogeneous over a layer of
given constant depth, assuming that the upper water-column
physical structure is adequately resolved with several levels of
sufficiently small depths. However, in order to couple the BFM
with the simplified hydrological model described above, biological
parameterisations that are conceived for a level-explicit model
had to be transformed into integrated single-layer functional re-
sponses. Specifically, we analysed the implementation of Integrated Pri-
mary Production (IPP) in a single-layer of variable depth (h1, Fig. 1) and
the implication of this parameterisation on phytoplankton physiology.
This issue was already treated in some of the first coupled biological
models of the mixed layer (e.g. Ebenhoh et al., 1997; Evans and
Parslow, 1985; Fasham et al., 1990).
In this work, only the BFM equations for phytoplanktonwere imple-
mented (chlorophyll, carbon and nutrients equations) and no grazing
terms besides linear mortality have been included. Three standard
functional groups are considered, diatoms, nanoflagellates and
picophytoplankton. In the BFM (Vichi et al., 2007b), gross primary
production (Gpp) is defined as:
Gpp ¼ f t f Er0PC ; ð6Þ
where ft and fE are the regulating factors for temperature and light
respectively, both non-dimensional (0-1), r0 the maximum poten-
tial specific photosynthetic rate and PC is the phytoplankton carbon
concentration. The light-regulating factor (fE) considers the light
environment in the layer; therefore it was integrated between
surface (z = 0) and the bottom of the layer (z = h1). Irradiance
decays exponentially with depth, depending on the concentration
of chlorophyll (self-shading effect) and the coefficient of attenuation
of pure water. Two ways of computing integrated primary production
were considered:
(i) Mean Irradiance Production (MIP): the exponential-decay curve
of the light was integrated between the boundaries of the layer,
in order to obtain the averaged irradiance of the layer and the
resulting primary production. Light equation, as function of
depth, is defined as:
E zð Þ ¼ E0 exp − λ0 þ λChlaPlð Þzð Þ; ð7Þ
where Pl is the phytoplankton chlorophyll concentration.
We define λ = (λ0 + λChla * Pl), where λ0 is the coefficient
Fig. 2.Map showing the location, main geographic points of the study area and boundaries of the model. First and last sections of the model are marked with broken lines. The origin of
longitudinal axes ismarkedwith the central broken line (TarifaNarrows). “A”marks the location of thefixed sampling station referenced in the text. Thick linesmark the central position of
the Western Strait nodes (black) and Eastern Strait nodes (white).
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E zð Þdz ¼ E0
λh1
1− exp −λh1ð Þð Þ; ð8Þ
Finally, this averaged light (E) is transformed in the average
light-regulating factor (f E ) using a Production-Irradiance relation
(P-E curve) (Platt et al., 1990; using notation from Sakshaug et al.,
1997):
f E ¼ 1− exp −E=Ek
 
; : ð9Þ
EK is the light saturation parameter, calculated as Ek= Pm/αwhere
Pm is the maximum chlorophyll-specific photosynthetic rate and
α is the maximum light utilization coefficient. Pm is computed as
Pm = ft * r0 * PC/ Pl. Then α = ft * α0, where α0 is the potential
maximum slope of the P-E curve. All these parameter and corre-
sponding values were widely described in Vichi et al. (2007b).
After some algebra, finally fE becomes:
f E ¼ 1−exp −




(ii) Integrated Mean Production (IMP): This method considers pro-
duction as a continuous function of depth and therefore implies
the integration of a P-E curve between the boundaries of the
layer. The chosen form of the P-E curve is the “ramp” or step func-
tion (Ebenhoh et al., 1997), which is simple enough to allow
analytical solutions but provides a similar behaviour ofmore com-
plicated functions with integro-exponential solutions. Following
Ebenhoh et al. (1997), let p(E (z)) be the productivity per volume,
then the light-dependent factor (fE), as a function of surface irradi-












dE; ð11Þwhere E1 is the light at the lower boundary of the layer (z = h1),
E1 = E0 * exp(−λ * h1). P-E curve is defined as a simple ramp, in
this way:
p Eð Þ ¼ p0min 1; xð Þ ð12Þ
where x ¼ EEk . p0 is the maximum productivity value at optimal
light; if x = 1, p = p0 and fE =1. For the further calculation, it is
useful to work with a dimensionless form of the ramp function
q(x) as suggested by Ebenhoh et al. (1997):












and p(E) may be rewritten as:
p Eð Þ ¼ p0xq xð Þ; ð14Þ
Using the function q(x) the depth integral can be expressed as:





q xð Þdx; ð15Þ
where x0 = E0/Ek. And x1 = E1/Ek = E0/Ek * exp(−λ * h1).
Finally, the application of the integral boundaries from Eqs. (14)
















2.2.1. Effect of the layer's thickness on the integrated primary production
In order to assess the effect of a varying thickness of a single-layer on
the integrated primary production, several set of simulations were
done, using both of the proposed methods (MIP and IMP, Section 2.2).
Therefore, integrated daily primary production (IDPP) was simulated
in a set of 0-D numerical experiments varying the thickness of the
layer and using different trophic environments. All simulations where
Table 2
Values of forcing factors and initial values of state variables used for the 0D set of simula-





Integrated chlorophyll (mg m−2) 20 100
% diatoms/nanoflagellates/picophytoplankton 33:33:33 33:33:33
Initial C/Chl ratio 50 50
Temperature (°C) 18 18
Maximum surface irradiance (W m−2) (I0) 300 300
Nitrate (μM) 0.2 5
Phosphate (μM) 0.1 0.5
Silicate (μM) 0.1 8
Ammonium (μM) 0.00001 0.00001
Table 3
Collected data referenced in the text for the “oligotrophic” and “eutrophic conditions”.
Data are plotted in the Fig. 3 (a,b).
IDPP








120–150 100 ~20 Gulf of Cadiz. Navarro et al. (2006)
120–200 150 ~20 Eastern North Atlantic Subtropical
Gyre Province (NASE). Marañón
et al. (2003), Teira et al. (2005)
101 200 30 Canary Islands, Basterretxea and
Aristegui (2000)
“Eutrophic conditions”
2000–2500 ~30 ~90 Upwelling NO of Spain, Lorenzo
et al., 2005)
900 100 75 Gulf of Cadiz (Navarro et al., 2006)
5300 200 150 Canary Islands, Basterretxea and
Aristegui (2000)
352 E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361done with the standard set of parameters of the BFM for the global
ocean (see supplemental table in Vichi and Masina, 2009 for a list of
values). “Oligotrophic” and “eutrophic conditions” were obtained from
published data (Lorenzo et al., 2005; Marañón et al., 2003; Navarro
et al., 2006; Teira et al., 2005) and are collected in Table 2. Nutrient con-
centrations were maintained constant in each numerical experiment
until steady states have been reached (100 days). The resulting internal
ratios were stored (C/Chlorophyll, C/N, C/P, C/Si) and the simulation
was started again with constant nutrients for one day to estimate the
Integrated Daily Primary Production (IDPP).Fig. 3. IDPP values versus thickness of the layer for “oligotrophic” (A) and “eutrophic
conditions” (B). Both integration methods are plotted: IMP (white circles) and MIP (black
circles).Both approaches showed a similar response to a varying thickness
layer, increasing IDPP with thinner single-layer (Fig. 3a,b). MIP approx-
imation presented a slightly more linear response to varying thickness
than IMP method, this behavior was particularly found with “oligotro-
phic conditions” (Fig. 3a,b). However, average absolute values obtained
with IMP are closer to the available data (Fig. 3a,b). Comparing in situ
data with this 0D experiments was not simple, as it was not possible
to collect all the controlling factors values for primary production
(PAR, photoperiod or biomass) in the reported bibliography. We have
chosen standard values trying to represent the high variability in the
data and aiming to use the simulations and data for the decision of
the best integration method. With “oligotrophic conditions”, computed
IMP values (193mgCm−2 d−1, thickness=100m; 133mgCm−2 d−1,
thickness = 150 m) were lower and more similar to in situ data than
MIP (Fig. 3a). Measured IDPP in close oligotrophic areas were collected
in Table 3 and plotted in Fig. 3a. Furthermore with “eutrophic condi-
tions”, IMP values are higher and closer to the available data than MIP
approach (Fig. 3b). IDPP in near eutrophic areas were collected in
Table 3 and plotted in Fig. 3b. Therefore, we could say that MIP tends
to underestimate IDPP with eutrophic and overestimate IDPP with
oligotrophic conditions.
Comparing observed and simulated primary production rates is not
straight-forward (e.g. Vichi andMasina, 2009). A source of ambiguity of
C14 uptake method is whether this incubation method is a measure of
gross primary production, net primary production or some value in
between (Marra, 2009). A recent work showed that C14 uptake method
tends to underestimate the net primary production, especially in the
case of nutrient-stressed cells (Robinson et al., 2009). Consequently,
real in situ estimates of primary production are likely to be higher
than reported in these former works.Table 4
Forcing factors and boundary conditions designed as sinusoidal functions. Maxima, minima
and the respective season are shown.
Variable Maximum value Minimum value
Temperature (°C) 23 (summer) 17 (winter)
Chlorophyll concentration (mg m−3) 0.3 ⁎ -
Phytoplankton biomass ⁎ (mg C m−3) /
integrated (mg C m−2)
9/2100 -
Nitrate (μM) 1.1 (winter) 0.1 (summer)
Phosphate (μM) 0.25 (winter) -
Silicate (μM) 8 (winter) 0.1 (summer)
Ammonium (μM) 0.1 (winter) 0.001(summer)
⁎ Phytoplankton biomass, chlorophyll and phosphate concentration in the boundary
condition were constant along the year.
Table 5
Description of the collected data of the Atlantic Inflow from previous surveys, aiming to
describe the phytoplanktonic seasonal cycle in these waters.
Month # Profiles (depths) Research vessel Survey (year)
February 2 (5) B/O Cornide de Saavedra 1998
May 4 (6) BIO Hespérides 2001
June 2(7) B/O Cornide de Saavedra 1997
September 4(5) BOA Thalassas,
B/O Sarmiento de Gamboa
1997
2008
October 2(5) B/O Sarmiento de Gamboa 2008
November 2(4) B/O Mytilus 2004
353E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361For all of the above reasons, IMP approximation was the chosen
method for the integration of primary production in a single-layer and
was implemented in the coupled model.2.3. Design of boundary conditions and forcing factors of the
biological model
Boundary conditions are designed to simulate phytoplankton
features and seasonal cycle of the Gulf of Cadiz (oligotrophic open-
waters), including primary production. Forcing factors and values of
variables in boundary conditions are obtained from different sources.
PAR was simulated following the standard astronomical equations for
photoperiod and maximum daily irradiance from Brock (1981) and
the cloud-covermodel from Smith andDobson (1984); using a constant
value of 4 oktas following Macías et al. (2007). SST was obtained fromFig. 4. Reconstructed chlorophyll annual series collected from previous surveys (Table 5). A− V
cycle of averaged chlorophyll concentration (mg m−3) from collected data.satellite (Navarro and Ruiz, 2006). SST and nutrients were simulated
as sinusoidal functions based on the available data; season presenting
maxima andminima values are shown in Table 4 (Navarro et al., 2006).
In order to set phytoplanktonic features in the boundary conditions,
several previous data fromGulf of Cádiz andnotmodifiedAIwere collect-
ed (Table 5 and Fig. 4). These data series were used to fix a constant con-
centration of chlorophyll and phytoplankton biomass in the boundary
conditions (0.3 mg m−3 and 9 mg C m−3) (Table 4 and Fig. 5). The
ratio between C and chlorophyll used to convert chl data to phytoplank-
ton carbon is derived from Taylor et al. (1997). In the prescribed bound-
ary conditions, the constant chlorophyll and C concentrations derived
from bulk observations are equally distributed between the different
phytoplankton groups (diatoms, nanoflagellates and picophytoplankton).3. Results
3.1. Physical variables
The salinity of the surface layer (representing the AI) was used as a
proxy for interfacial mixing; in Fig. 5 (a,d), model output was compared
to the in situ data described in Section 2.1.1. During the first sampled
period, the model reproduced the main salinity patterns including two
conspicuous peaks (Fig. 5a). In situ salinity showed two peaks (36.91
and 36.82) with 6 h of separation (Fig. 5a). Simulated salinity showed
also two peaks (36.92) with a semidiurnal frequency (period of 12 h).
Minima values from model and measured data matched (36.60–
36.63) (Fig. 5a). During the second period of sampling, a central mainertical distribution of the chlorophyll concentration (mg m−3) along the year. B− Seasonal
Fig. 5.Model output (red lines) versus in situ data from station A (Fig. 1): salinity (A, B); h1 (AMI or thickness of the layer) (C,D).
354 E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361peak was found almost reaching 36.78 from measured salinity and
36.99 from simulated one (Fig. 5b). Two minima were found (36.56
and 36.61 respectively) with 12 h of separation (Fig. 3b). This last set
of observations was collected during special subinertial forcing condi-
tions.Westward currents, themain forcing agent for the internal wave's
generation at Camarinal Sill, were inhibited by an enhanced eastward
flow responding to atmospheric forcing over the Western Mediterra-
nean. Thus large amplitude internal wave's generation and the associat-
ed vertical mixing processes were not favored (Vázquez et al., 2008).
Details concerning these inhibition phenomena are widely explained
in Ramírez-Romero et al. (2014).
Salinity as a tracer of interfacialmixing presented twomixing events
per day (Fig. 5a,b), this semidiurnal behavior indicates the tidally-
related periodicity of the phenomenon (Macías et al., 2007). Peaks
correspond to the increased shear that takes place during flood tide
(García-Lafuente et al., 2000, 2002; Izquierdo et al., 2001). Spatially,
mixing processes dominate around Camarinal Sill, with a secondary
area around Tarifa Narrows (Fig. 6) in good agreement with some pre-
vious works (e.g. Macías et al., 2007; Sannino et al., 2007).
The physical model reproduced the general patterns of the surface
layer thickness h1, which is equivalent to the AMI depth in the data.
In situ data oscillated from −50 to −150 m and the simulated h1
moved from −25 to −100 m (Fig. 5b and d). The model in general
underestimates the thickness but the relative change during the
observed period was correctly simulated (Fig. 2 d).
These results described above confirm an acceptable behavior of the
model that allowed us to investigate the response at the longer seasonalscale (Fig. 7). To accomplish this, one whole year simulation was per-
formed. Along the simulated year and in addition to the semidiurnal
cycle, salinity at the easternmost nodes (Eastern Strait) showed a
fortnightly variation (Fig. 7a). Spring tides showed the largest salinity
ranges, from 36.65 to 37.11. Highest salinity along the year was found
during spring equinoctial tides (37.11) (March) and autumn (September)
(Fig. 7a)
Annual-averaged h1 are plotted together with the corresponding
standard deviation and the bathymetry of the model (Fig. 7b). The
thickness of the upper layer was about 200 m westward of Camarinal
Sill, decreasing eastward and reaching 40 m in the easternmost nodes
of the domain. The highest standard deviations were found above
Camarinal Sill and nearby grid points (Fig. 6b). Therefore, the model
was able to reproduce the reduction of the thickness (h1) of the surface
layer from west to east (Fig. 7b) and the large oscillation of this layer
over the main Sill of the Strait (e.g. Bray et al., 1990; Ramírez-Romero
et al., 2012)3.2. Biogeochemical variables
Biogeochemical variables are shown in both sides of Camarinal Sill,
aiming to observe thewestward Atlantic features and themodifications
after AI crosses the Strait. Biogeochemical results are shown forWestern
Strait (WS) (30 averaged nodes) (Figs. 2 and 6b), representing features
of the open-waters of the Gulf of Cadiz forming the AI and for the east-
ernmost nodes (Eastern Strait, 30 averaged nodes)(ES) (Figs. 2 and 7 b).
Fig. 6. Spatio-temporal distribution of the index of mixing (F l 2, Eq. (2)) during three days of simulations for spring tides (A) and neap tides (B).
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quence of the designed boundary conditions (Section 2.3), oscillating
from winter (1 μM) to summer (0.1 μM) (Fig. 8a). During spring tides
some nitrate peaks were found (1 μM); mixed waters from Camarinal
Sill could reach WS (Fig. 8 a) when currents revert westward. The
annual nitrate series at ES showed higher values and a less marked
seasonal cycle than at WS (Fig. 8a). Nevertheless, nitrate followed
the same spring/neap tides modulation than salinity (Fig. 7a), as an
example of this, during spring tides the concentration could reach
2.5 μM (summer) or even 3.5 μM (during the rest of the year)
(Fig. 8a).
Phytoplankton biomass, as the sumof the three phytoplankton func-
tional group concentrations, presented a seasonal cycle (Fig. 8b) at the
WS: maximum value (11 mg C m−3) was found in spring (from April
to June): minimum value (8 mg C m−3) in summer (July–August) and
finally a secondary maximum (slightly higher than 10 mg C m−3) was
found in autumn (September). In the ES, biomass followed the same
seasonal cycle trends than in the WS (Fig. 7b). However, both, first
and secondmaxima reached higher values, 15 and 13mgCm−3 respec-
tively. Minimum values (summer) were in the same range than at WS
(8 mg m−3).
Unfortunately, there are no previous works showing the annual
cycle of phytoplankton biomass in the open waters of the Gulf or in
the Strait; in order to compare with the results in WS/ES from the
model. The scattered biomass values from previous works are collected
in Table 6. In situ data are in the range or slightly higher than those
showed by the model (Fig. 8a and Table 6). Therefore, the annual
cycle depicted by ourmodel could be regarded as a reasonable approach
to seasonal plankton dynamics in the region.
Primary production, in terms of IDPP, followed the same seasonal
trends described for the phytoplankton biomass (Fig. 7c). In theWSmax-
imumvalue occurred during spring (almost 1200mg Cm−2 day−1), and
minimum during summer (400 mg C m−2 day−1). There was also asecondary maximum in autumn (900 mg C m−2 day−1). In addition,
IDPP at ES presented the same cycle (Fig. 7c); however most of the
year absolute values were slightly lower than production at WS. Only
during some period (from April to September) and during some peaks,
IDPP at ES could be higher than at WS reaching 1500 mg C m−2 day−1.
Chlorophyll concentration in both sides of the Strait approximately
followed the seasonal trend of the biomass, presenting maxima during
spring/autumn (slightly higher than 0.3 mg m−3) and minima during
summer (0.25 mg m−3)(Fig. 7b, d). Former reported values of IDPP in
the Strait and in the AI are collected in Table 6. Measured values are
lower than those simulated in thiswork (Table 6 and Fig. 8c). Surprising-
ly these low measured values matched with high nutrients concentra-
tions (nitrate ~3 μM) and chlorophyll maxima (0.4 mg m−3) close to
surface (Macías et al., 2009). Our simulations also fall in this range of
chlorophyll and nitrate (Fig. 7a,d) but simulated IDPP are considerably
higher (Fig. 8c).
The relative (%) biomass of phytoplankton for each simulated func-
tional group (diatoms, nanoflagellates and picophytoplankton) also
presented a seasonal succession along the year (Fig. 9a). Biomass is
more or less equally distributed among the groups during winter, par-
ticularly in the WS. However, during the spring and autumn biomass
maxima (Fig. 8b) nanoflagellates dominated (45% and 40% respectively)
(Fig. 9 a). Furthermore, during the late summer minimum of biomass
(Fig. 8b), picophytoplankton was the predominant group (almost 50%,
Fig. 9a). At the eastern boundary (ES), the percentage of nanoflagellates
was higher than at WS (Fig. 9b), 40% along most of the year and
reaching 50 and 45% in the first and second peaks, respectively. During
summer and at the ES, picophytoplankton reached almost 60% of the
phytoplankton biomass (Fig. 9b). Coincidingwith these simulated func-
tional groups, nanoflagellates and picophytoplankton (Fig. 9) groups
have beendescribed as themost representative groups for openAtlantic
waters in the Gulf and in the AJ at the closest Alboran Sea (Table 6)
(Echevarría et al., 2009; Reul et al., 2005).
Fig. 7. A – Time series along the year of salinity in the easternmost nodes or sections of the
domain (Eastern Strait). B – Bathymetry of the domain (black line), average position of the
AMI (h1) (blue line) and standard deviation. Eastern andWestern Strait sections aremarked.
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4.1. Physical results
In spite of the apparently simplicity of the physical model, it repro-
duces satisfactorily the main physical features of the main channel of
the Strait (Fig. 2). Features of themodel include tidal forcing, two layers
and it also takes into account the width and depth of the Strait (see
Section 2.1); thus it could be considered as a “1.5D” model. The model
could solve very high resolution crucial processes for the biological
coupling as the decrease of the surface layer thickness and mixing
dynamics (see Section 3.1). Furthermore, the relative simplicity of the
model allowed a non excessively expensive computational demand of
the simulations facilitating the couplingwith a complex biogeochemical
model as Biogeochemical Fluxes Model. The annual simulations solving
high resolution tidal scales allows to report seasonal cycles of biogeo-
chemical features in the Strait, as one of the main findings of this
work. This is, so far, the first coupled model that solves tidal forcing at
the Strait using a fully-coupled way, a finite-volume scheme and a
Plankton Functional Type model.
At annual scales, salinity in the eastern boundary showed amodula-
tion due to the spring/neap tidal cycle (fortnightly variation) (Fig. 7a).
Mixing was less intense during neap tides but still significant (Fig. 6b
and 7 a). This phenomenon is attributable to the parameterization of
mixing processes (Eqs. (2) and (5)) which is mainly proportional to
the shear between layers. As it was shown by Bruno et al. (2010), at
subinertial scales non linear interactions among tidal components of
the flow minimize the differences of maximum shear between neap
and spring tides. This process is likely to contribute to a more regularinterfacial mixing than would be expected if only semidiurnal tide
dynamicswere considered. This fact has consequences on the biological
features as it will be explained below.
4.2. Biogeochemical variables
4.2.1. Biogeochemical features in the original Atlantic Inflow
The boundary conditions presented in Section 2.3 were set up to
simulate the pelagic dynamics of open-ocean waters of the Gulf of
Cadiz using all the data available from previous surveys (Fig. 4). This is
the first work reporting the seasonal cycle in biomass and IDPP in the
Strait of Gibraltar. Main features included a maximum in spring, a
minimum during summer and a secondary maximum during autumn
(WS; Fig. 7b,c). Seasonal cycle here was forced by the annual irradiance
curve (maximum value in summer) and nutrients availability (mini-
mum value in summer/deep mixing in winter, Fig. 8a)(Navarro et al.,
2006).Therefore, biomass maxima were found then when there is a
coincidence of enough nutrients and light to support phytoplankton
growing, mainly during spring and autumn (Fig. 7a).
This seasonal cycle is similar to the biogeographical classification
proposed by Longhurst (1995) in the “Model 2” bio-province,
mid-latitude nutrient limited spring production peak or even in the
Model 8 bio-province, canonical nutrient-limited spring bloom of
temperate waters. The expected mechanism for this original pattern is
the “Gran effect” or the “Critical-depth hypothesis” (Sverdrup, 1953).
However, the simulated h1 is only dependent on tidal forcing, thus
concepts as “mixed layer” or “critical depth” cannot be used in this
single-layer model. In spite of this simplified seasonal forcing (Fig. 8)
it collects the main features of the seasonal cycles in temperate waters.
These results will be used as a base line to assess the role of the physical
processes occurring in the Strait and how the original features of the
Atlantic Inflow are modified.
4.2.2. Effect of the Strait of Gibraltar on biogeochemical features
Coastal-channel interactions cannot be taken into account in a 1D
two-layer model. Consequently, the characteristic advection of chloro-
phyll patches from coastal areas (Vázquez et al., 2009) cannot be
reproduced by the model. We remark that these patches were only
detected during 2–3h in each tidal cycle (12 h) andmostly during spring
tides (Macías et al., 2006; Ramírez-Romero et al., 2014). Furthermore
during spring tides, an important amount of mixed waters did not
traveled eastward concurrent with the chlorophyll patches (Ramírez-
Romero et al., 2014). Therefore, this coupled model covered a wide
part of the Atlantic Inflow and these results may be considered as the
background processes in the Atlantic Jet, excluding the intermittent
presence of coastal patches.
Despite the prescribed along-year constant boundary conditions
(Table 4), there is a biomass increase in the Atlantic Inflow at Eastern
Strait right after the Strait, especially notable during spring and autumn
(Fig. 8b). Regarding primary production, simulated IDPP in the eastern
side of the Strait was in the same range or even higher than in thewest-
ern side (Fig. 8c). However, the thickness of surface layer is thinner east-
ward of the sill than westward (Fig. 7b). Therefore per unit of volume,
values of primary production in the eastern side were 3-times higher
than westward of the sill (data not shown).The model explains this as
a combination of mixing processes around Camarinal Sill (Fig. 6) that
provide high nutrient concentrations (Fig. 8a) in concomitance with a
thinner surface layer in the eastern side of the Strait (Fig. 7b). This
mechanism resembles the “Gran effect” (Gómez et al., 2000), as high
nutrients and phytoplankton are found in a shoaling well-illuminated
layer. However, this mechanism presents a tidal-related periodicity,
mostly semidiurnal (Fig. 5a,b and 7 a). As shown before (Section 3.2)
mixing also occurs during neap tides (Fig. 6b and 7 a), allowing a nutrient
input and active growing also during these periods.
On the other hand, intense mixing may lead to important biomass
losses from the surface layer (strong dilution). Thus, at short temporal
Table 6
Description of the previous collected data of the Atlantic Inflow/Strait of Gibraltar area
from previous surveys, aiming to describe the phytoplanktonic seasonal cycle in these
waters and compare to the output of themodel atWestern Strait (WS) or Eastern Strait (ES).
Place Value Source
“Phytoplankton biomass (mg C m−3)”
Gulf of Cádiz (WS) 0–15 (cells Ø b 13 μm) Reul et al. (2006)
Gulf of Cádiz (WS) 5 (picophytoplankton) Echevarría et al. (2009)
Open Atlantic Waters
(Subtropical Gyre) (WS)
5–10 Marañón et al. (2000)
Strait of Gibraltar (ES) 18–50 Reul et al. (2002, 2008)
Atlantic Jet (Alboran Sea) (ES) 40–50 (24 summer) Reul et al. (2005)
“IDPP-Integrated Daily Primary Production (mg C d−1 m−2)”
Gulf of Cádiz (WS) 120–150 Navarro et al. (2006)
Strait of Gibraltar (ES) 14–66 Macías et al. (2009)
Strait of Gibraltar (ES) 82 ± 54 Bartual et al. (2011)
“% Functional groups”
Gulf of Cádiz (WS) 50 (picophytoplankton) Echevarría et al. (2009)
Atlantic Jet (Alboran Sea) (ES) 40–70 nanoflagellates
(50% picophytoplankton
in summer)
Reul et al. (2005)
Fig. 8.A – Time series along the year of nitrate concentration in theWestern Strait section (WS) (red line) and in the Eastern Strait section (ES) (black line). B – Time series along the year of
smoothed phytoplankton biomass in theWS (red line) and in the ES (black line). C – Time series along the year of IDPP in theWS (red line) and in the ES (black line). D – Time series along
the year of chlorophyll concentration in the WS (red line) and in the ES (black line).
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phytoplankton biomass: growth (primary production) versus mixing.
Macías et al. (2007) found a decrease of phytoplankton biomass along
the Strait due to intense mixing concentrated around Tarifa Narrows.
Coinciding with this fact during summer and winter, biomass increase
in the eastern side could not be appreciated (Fig. 8b). This fact could
indicate that this fast response and increase of the phytoplankton bio-
mass could depend on physiological state of the cells, simulated by the
internal ratios of the BFM. With unfavorable conditions, light or
nutrients during winter and summer respectively, simulated popula-
tions needmore time to adapt internal ratios and to present an effective
increase of the biomass. This response could be simulated due to the use
of flexible component ratios of the equations of the BFM (Vichi et al.,
2007b).
Regarding large differences found between simulated andmeasured
IDPP, Macías et al. (2009) suggested that photoinhibition could cause
unexpected low values in the observations (Table 6). Given enough
time, the Strait dynamics could raise a deep chlorophyll maximum
from 100 m to the surface in approximately one day (Macías et al.,
2007, 2008). Specifically, Bartual et al. (2011) found that this raising of
the maximum could occur in ~20 min in the vicinity of the sill. Also,
this maximum is under high turbulent levels and vertical velocities
(Wesson and Gregg, 1994); favoring the exposition of the phytoplank-
ton to harmful light levels. BFM does not include photoinhibition in its
formulation (Vichi et al., 2007b), thus this mechanism could not be
appreciated in our results. In addition, Morán and Estrada (2001)reported higher IDPP (330 mg C m−2 d−1) values westward within
the Alboran Sea (Atlantic Jet and West Alboran Gyre), and Arin et al.
(2002) reported an active growth of phytoplankton in that same station.
An explanation for this could be that after passing through the Strait,
Fig. 9. A – Relative abundance (% of biomass) of phytoplankton groups in the Western
Strait. B –Relative abundance (%of biomass) of phytoplankton groups in the Eastern Strait.
358 E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361phytoplankton communities in the Atlantic Jet need a relative long time
to become acclimated to the new light conditions.
In general terms, the relative importance of picophytoplankton
decreases from the Gulf of Cádiz towards Alborán Sea, because of the
upwelling processes in this area (Echevarría et al., 2009). However
this pattern is not applicable in the Atlantic Jet influence area and in
the West Alboran Gyre (Table 6) (Arin et al., 2002; Reul et al., 2005).
This was also the case in our results (Fig. 9 b). Nevertheless, the intense
physical processes in the Strait force the waters to have a short resi-
dence time in the eastern part of the domain, around 22 h, similar to
the results of Macías et al. (2007). This time span did not allow observ-
ing a posterior evolution of the phytoplankton immersed in high nutri-
ents and high light levels. At this short scale only the fast responding
groups with high intrinsic growth rates could be observed to have a re-
sponse (picophytoplankton or nanoflagellates) (Fig. 9b). A fast response
of nanoflagellates to the biogeochemical changes occurring in the Strait
was also showedbyReul et al. (2008). At longer scales, the phytoplankton
biomass would tend to be larger in this favorable conditions and the
group succession in the Atlantic Jet could be different. In these long scales,
microzooplankton should be included, as picophytoplankton is continu-
ously under grazing control (e.g. Quevedo and Anadón, 2001; Taylor
et al., 1993).
To summarize, we collected the relevant results showed above in a
“Longhurst diagram” (Fig. 10), proposing this seasonal cycle for the
Strait of Gibraltar region (Eastern Strait, Fig. 1). In this diagram wereplaced the originally mixed-layer depth by an equivalent AMI depth
for this case (Fig. 10b). There was a tidal signal (mostly semidiurnal)
superimposed over this cycle, not taken into account in this figure for
an overall visualization of the results.We suggest these results for inclu-
sion as boundary conditions or input for biological models of the
Mediterranean Sea. This would provide an improved dynamical modu-
lation to constant boundary conditions that is currently used in models
(e.g. Lazzari et al., 2012).
4.3. Influence of AI on the trophic state of the Mediterranean
The Alboran Sea has been described as the most productive area in
the Mediterranean Sea (Siokou-Frangou et al., 2010). In this area,
Lazzari et al. (2012) estimated an integrated production of 274 ±
11 g C m−2 year−1, defining this area as mesotrophic (production
between 100 and 300 g C m−2 year−1), while the eastern Mediterra-
nean is typically oligotrophic. In this work, the Atlantic Inflow in the
easternmost side of the Strait presented an integrated production of
105 g Cm−2 year−1, which is at the lower limit of this range. Neverthe-
less the Atlantic Inflow containing constantly higher nutrient levels and
actively growing phytoplankton could have an effect of fertilization and
biomass increase in the upper layer of the NWAlboran Sea. Coastal up-
welling has been described as a crucial process to enhance the primary
production in this area (e.g. Macías et al., 2009). However, the effect of
the Atlantic Inflow should not be disregarded (Oguz et al., 2013). Using
this crude approximation of the Atlantic Inflow without taking into
account the role of NACW, Atlantic Inflow could supply about
275 tonsm−1 year−1 (4.43megamolm−1 year−1) of nitrate to the sur-
face Alboran Sea. Sarhan et al. (2000) reported 13.9 tons m−1 year−1
(0.22megamolm−1 year−1) of nitrate, summing differentmodes of up-
welling in Alboran Sea (northwestern coast). It should be said that these
values are per linear meter parallel to the coast, being the Strait section
about 20 km at the easternmost boundary in our domain and the coastal
upwelling extending ~50 km. Performing the calculations, it could be
computed that these phenomena mean 4.95 and 0.70 megatons nitrate
year−1 (79.83 and 11.79 gigamol year−1) respectively, being the Strait's
supply considerably higher than that of the coastal upwelling. This value
is in agreement with observation-based estimates. Huertas et al. (2012)
reported that the Atlantic layer might input about 4.69 megatons year−1
of nitrate (75.64 gigamol year−1). Thus, during inactive periods of this
coastal upwelling, the relevance of the Strait raises, as it plays a role of
quasi-constant fertilization of the Alboran Sea.
Regarding phytoplankton biomass transport, our estimates show
that AI may supply to the Alboran Sea about 1211 ± 233 tons C d−1
(44 ktons C year−1); with a summer minimum of 750 tons C d−1 and
spring maximum of 1700 tons C d−1. There is only one reported value
for this supply. Reul et al. (2002) from in situ data for a single-daymea-
surement, reported an autotrophic biomass of ~2500 tons C d−1. In
addition it is worth saying this phytoplankton biomass is transported
in favorable conditions for growth, immersed in high nutrients concen-
tration and high light levels.
Aiming to improve our understanding of biological processes in the
Strait, more complex and extended models should be developed. In
the physical part, this model should include 2D or 3D dynamics in
order to analyze coastal-channel interactions. Biological model should
include photoinhibition processes aiming to investigate the unexpect-
edly low primary production values in the Strait. Also, model domain
should be extended towards theAlboran Sea for observing the evolution
of the plankton communities under new conditions after passing
through the Strait, including zooplankton dynamics. All this processes
should be backed up with corresponding observations.
5. Conclusions
This work presents the effects on phytoplankton of the processes
occurring in the Strait of Gibraltar that modify the biogeochemical
Fig. 10. Longhurst diagram for the Strait of Gibraltar (Eastern Strait). A: Black line represents Phytoplankton biomass (mg Cm−3). Green dotted line represents Chlorophyll concentration
(mgm−3). Red broken line represents IDPP (mg Cm−2 d−1). B: Black line represents Nitrate concentration (μM). Green dotted line represents Phosphate concentration (μM). Red broken
line represents Silicate concentration (μM). Blue line represents AMI depth (m), the equivalent thickness of the surface layer.
359E. Ramírez-Romero et al. / Journal of Marine Systems 139 (2014) 348–361features of the Atlantic Inflow. This model is capable to resolve crucial
high-resolution processes such as tidal forcing while at the same time
maintaining a very efficient performance that allows to study biogeo-
chemical patterns at the longer seasonal scales. The model shows the
emergence of the phytoplankton seasonal cycle in the Atlantic Inflow
coming from the Gulf of Cádiz. Main characteristics are biomass and
primary production maxima during summer and autumn, when
nanoflagellates are the most representative phytoplankton group.
Minima of biomass and production in the Atlantic Inflow are found
during the summer season dominated by picophytoplankton. The
physical processes in the Strait induce a relatively constant nutrient
supply and a thinner surface layer (raising the available light for
phytoplankton). These phenomena trigger primary production and
raise phytoplankton biomass, especially during spring and autumn.
These processes also modified the seasonal succession in the Atlantic
Inflow at shorter scales, intensifying the dominance of nanoflagellates
(spring and autumn) and picophytoplankton (summer). The presence
of these processes may thus imply a quasi-permanent fertilization of
the surface Alboran waters through a relevant supply of nitrate and
well-acclimated phytoplankton.
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